A number of whole-genome association studies show the cdk5 regulatory associated protein 1-like 1 (cdkal1) gene to be one of the most reproducible risk genes in type 2 diabetes (T2D). Variations in the gene are associated with impaired insulin secretion but not insulin resistance or obesity. Although the physiological functions of Cdkal1 had been unclear, recent studies show that it is a tRNA modification enzyme, a mammalian methylthiotransferase that biosynthesizes 2-methylthio- A modification in tRNA Lys (UUU) is important for preventing the misreading of its cognate codons, especially when the rate of translation is relatively high. In both general and pancreatic β-cell-specific cdkal1-deficient mice, impaired mitochondrial ATP generation and first-phase insulin secretion are observed. Moreover, the β-cell-specific knockout mice show pancreatic islet hypertrophy and impaired blood glucose control. The mice are also hypersensitive to high-fat diet-induced endoplasmic reticulum (ER) stress. In this review, we provide an overview of the physiological functions of Cdkal1 and the molecular pathogenesis of T2D in patients carrying cdkal1 risk alleles.
Type 2 diAbeTes (T2d), which is caused by a combination of environmental and genetic factors, affects > 200 million individuals worldwide, and its prevalence continues to increase in many countries [1] . T2D is characterized by an insulin secretory dysfunction of pancreatic β-cells combined with insulin resistance [2] , but the primary mechanisms are still debated [3] . Important advances in the genetics of T2D have come with the completion of genome-wide association studies (GWASs) based on common HapMap single nucleotide polymorphisms (SNPs) and the properties and power of analytical tests to detect such associations [4] . GWASs have currently led to the discovery of 38 risk genes in which there are variations associated with T2D [5] . One of the genes with the most reproducible risk across different ethnic populations is cdkal1 [1, [6] [7] [8] . Here, we present the physiological functions of Cdkal1 and the phenotype of β-cell-knockout mice.
Association of variants in cdkal1 with T2d
There are five SNPs associated with T2D in the cdkal1 gene ( Fig. 1) [9] . All of the SNPs are located in intron 5 of cdkal1 on 6p22.3, suggesting that they are noncoding SNPs (Fig. 1A) . Although what biological role these noncoding SNPs may play is still unclear, it is speculated that they are involved in the regulation of Cdkal1 expression and the formation of splicing variants. The strongest associations with T2D are observed for rs7754840 and rs10946398, which are in complete linkage disequilibrium (r2 = 1.0 according to HapMap-CEU) [6, 10] . Moreover, an association of the G allele of rs 7756992 with T2D was reported in an Icelandic study, and this association was replicated in the combined data from five case-control studies of European ancestry and Asian populations [7] .
GWASs show the association of SNPs in cdkal1 with some pathological characteristics of T2D. Homozygous carriers of the risk allele of rs7756992 have an estimated 22% lower corrected insulin response (CIR) to an oral glucose load than non-carriers (P = 3.5 x 10 -9 ) [7] . The risk allele of rs7754840 is also associated with reduced insulin secretion, measured as an insulinogenic populations [7, 8, 11, 13] . Interestingly, the ratio of the risk allele of cdkal1 is higher in Asian than European populations (Fig. 1B) . Takeuchi et al [13] reported that cdkal1 was the best-replicated susceptibility locus and the strongest associated with T2D among several susceptibility loci, including KCNQ1, in the Japanese population. Asian-type T2D is characterized by a larger decrease in insulin secretion and less insulin resistance or obesity [14, 15] . Thus, the variants of cdkal1 may be implicated in T2D in Asian populations.
physiological functions of Cdkal1
Although a number of GWASs (> 90 papers) show an association of the SNPs in cdkal1 with T2D, physiological functions had been cloaked in mystery. As the full name shows, the amino acid sequence is highly similar with Cdk5 regulatory-associated protein 1 (Cdk5rap1), which was discovered as a binding protein of the Cdk5 regulatory subunit, p35 and p39 [16] . Cdk5rap1 inhibindex (IGI), in subjects without T2D (P = 0.01) [6] . Among nondiabetic offspring of T2D subjects, carriers of the GC and CC genotypes of rs775480 had 11 and 24% lower first-phase insulin release in an intravenous glucose tolerance test (IVGTT) than did carriers of the GG genotype (P = 0.002) [9] . The C allele was also associated with a higher glucose area under the curve in an oral glucose tolerance test (OGTT) (P = 0.016) [9] . In 533 patients with T2D and 3367 nondiabetic subjects, rs775480 was associated with impaired insulin release (IGI, P = 0.012) [9] . Moreover, a recent study showed that the CC genotype of rs9465871 was associated with elevated glycosylated hemoglobin A 1c (HbA1c) levels [11] . These results suggest that variants in cdkal1 influence the risk of T2D from impaired insulin secretion and the Cdkal1 protein may be involved in the regulation of insulin secretion. In contrast, the gene variants are not associated with insulin sensitivity or obesity [9, 12] . The association of the variants of cdkal1 with T2D is observed across different ethnic its Cdk5 activity through interaction with p35 and p39 [16] . As Cdk5 regulates insulin secretion [17, 18] , it is postulated that Cdkal1 may regulate insulin secretion through the regulation of Cdk5 activity. However, Cdkal1 has no ability to interact with Cdk5 activators and no effect on Cdk5 activity [19, 20] . The primary structure of Cdkal1 has features of the methylthiotransferase (MTTase) family, a subclass of the large radical AdoMet enzyme superfamily [21] . The MTTase family catalyzes chemically challenging reactions, in all cases involving a C-H to C-SCH 3 bound conversion, through a radical mechanism [21] . These reactions participate in important biological processes such as tRNA or ribosomal protein modification [22] [23] [24] [25] . Cdkal1 contains the conserved domains [UPF0004, radical S-adenosyl-L -methionine (SAM) and TRAM domains] of the MTTase family ( Fig. 2A) . The enzymes contain two [4Fe-4S] clusters [24, 25] . The first cluster is chelated by the three cysteines of a conserved CXXXCXXC motif in the radical SAM domain [26] . This cluster serves to bind and reduce AdoMet into methionine and the highly reactive 5'-deoxyadenosyl radical [27] . The second cluster is supposed to abstract an H atom of the substrate (tRNA or protein) selectively, thus generating an intermediate substrate radical that is amenable to C-S bond formation [27] . The thiolation step involves the second [4Fe-4S] cluster, chelated by three other conserved cysteines in the N-terminal UPF0004 domain [24, 25] . The final methylation step involves a second molecule of AdoMet [24, 25] . The C-terminal TRAM domain is involved in substrate (tRNA or protein) recognition, resulting in a specific signature of the MTTase family not shared by the other radical AdoMet proteins [25, 28] . Interestingly, the C-terminal hydrophobic domain exists only in Cdkal1 ( Fig. 2A) and the domain contributes to the localization on the endoplasmic reticulum (ER) [20] .
In amino acid sequence, Cdkal1 is highly similar to MiaB and YqeV, which are bacterial MTTase proteins [21] . Both MiaB and YqeV are involved in the methylthiolational modifications of tRNA from bacteria to mammals. MiaB catalyzes the methylthiolation of N 6 -isopentenyladenosine (i 6 A) to generate 2-methylthio-N 6 -isopentenyladenosine (ms 2 i 6 A) at position 37 (A 37 ), 3'-adjacent to the anticodon in some tRNAs [22, 29] . In contrast, YqeV catalyzes the methylthiolation of N 6 -threonyl carbamoyladenosine (t 6 A) to synthesize 2-methylthio-N 6 -threonyl carbamoyladenosine (ms 2 t 6 A) for tRNA in bacteria [21] . Cdkal1 is a mammalian methylthiotransferase that biosynthe- 
Glucose intolerance in pancreatic β cellspecific Cdkal1-knockout mice
Individuals carrying risk variants in cdkal1 show decreased first-phase insulin secretion with normal peripheral insulin sensitivity [9, 12] . These results suggest that pancreatic β-cells may be susceptible to the risk variants in the cdkal1 gene. To investigate the physiological functions of Cdkal1 in pancreatic β-cells, β-cell-specific Cdkal1-deficient mice (KO mice) were generated [20] . KO mice showed normal development compared with their littermate controls (Flox) [20] . However, KO mice exhibited glucose intolerance, whereas the peripheral insulin sensitivity was normal. Plasma insulin levels after glucose treatment were lower in KO mice than Flox mice. Notably, first-phase insulin secretion was significantly lower in perfused KO islets than Flox islets [20] . We also observed a defect of glucose-induced ATP generation in KO islets [20] . It is worth stressing that the impairment of both first-phase insulin secretion and ATP generation was also observed in general Cdkal1-deficient mice [19] .
Furthermore, β-cell-specific Cdkal1-deficient mice (KO mice) were hypersensitive to a high-fat diet. Only three weeks of high-fat-diet feeding, which did not induce apparent glucose intolerance in Flox mice, significantly induced severe glucose intolerance as well as impairments of insulin secretion in KO mice [20] . These findings clearly show that Cdkal1 deficiency could impair first-phase insulin secretion, which leads to glucose intolerance. Furthermore, the phenotypes observed in KO mice are very similar to those in T2D patients carrying risk variants in Cdkal1, suggesting that Cdkal1 deficiency may explain the molecular pathogenesis of T2D in these patients (Fig. 3) .
Mistranslation of proinsulin and increase in ER stress response by Cdkal1 deficiency
The stress response evoked by the accumulation of unfolded proteins in ER has been implicated in the development of T2D [34] . Evidence of the ER stress response in diabetes has emerged from studies of Mutant INS-gene-induced diabetes of youth (MIDY). Mutations in the proinsulin gene directly cause misfolding of proinsulin, which leads to a severe ER stress response and subsequent β-cell dysfunction [35, 36] . Moreover, proteins related to the ER stress response, such as Bip, CHOP, and p58 IPK , are upregulated in sizes ms 2 t 6 A 37 in tRNA (Fig. 2B ) [20] . Furthermore, Cdkal1 catalyzes the methylthiolation of t 6 A to synthesize ms 2 t 6 A only for tRNA Lys (UUU) in mammals (Fig.  2C) [20] . Thus, Cdkal1 is identified as a tRNA modification enzyme for tRNA Lys (UUU).
Regulation of translational fidelity by Cdkal1-dependent tRNA modification
Chemical modification of A 37 of tRNA has critical roles in regulating translational fidelity. For instance, the 2-methylthio modification (ms 2 i 6 A) is important for preventing the misreading and frame-shifting of cognate codons during protein translation in bacteria [30] . The structural basis of the ms of tRNA was recently identified in bacteria [30, 31] . The methylthiolation (ms 2 ) of i 6 A 37 is capable of stabilizing the codon-anticodon interaction through crossstrand stacking with the base of the first nucleotide of the mRNA codon [32] . This stabilization of the codonanticodon interaction thus prevents frame shifting and misreading during translation.
Because the chemical structure of ms 2 t 6 A is highly similar to that of ms 2 i 6 A, it is conceivable that the ms 2 t 6 A modification is also required for translational accuracy when decoding Lys codons (AAA and AAG). Supporting this hypothesis, a previous in vitro study revealed that the ms 2 t 6 A modification in A 37 of tRNA Lys (UUU) increased the strength of the codonanticodon interaction [33] . To examine whether the ms 2 t 6 A modification prevents either the frame-shifting or misreading of tRNA Lys (UUU)'s cognate codons (AAA and AAG) in vivo, we utilized a dual luciferasebased reporter assay in WT Bacillus subtilis and yqeVdeficient Bacillus subtilis (ΔyqeV), which lacks the ms 2 t 6 A modification in A 37 of tRNA Lys (UUU) [20] . Luciferase-based reporter assays are particularly suitable for examining the function of the ms 2 t 6 A modification, because Lys529 in firefly luciferase is essential for enzymatic activity, and any misreading of Lys529 thus causes a reduction in lucifearse activity. We observed a significant decrease of firefly luciferase activity in ΔyqeV compared to the wild-type strain, reflecting misreading of the Lys codon due to the deficiency of the ms 2 t 6 A modification in the ΔyqeV strain [20] . Taken together, these results suggest the ms 2 t 6 A modification to be important for accurate decoding of the Lys codon by stabilizing codon-anticodon interactions. accumulation of misfolded proinsulin and subsequent ER stress response (Fig. 3) . Interestingly, risk variants in the cdkal1 gene have been shown to associate with the impaired conversion of proinsulin to insulin [38, 39] . Thus, Cdkal1 deficiency may cause aberrant proinsulin generation and a consequent decrease in insulin secretion (Fig. 3 ).
Conclusion and perspective
Variants in the cdkal1 gene have been reproduciblely associated with decreased first-phase insulin secretion and the development of T2D [6-9, 11, 12] . Cdkal1 is a unique enzyme that catalyzes the ms 2 t 6 A modification in tRNA Lys (UUU) in mammalian cells [20] . Functional loss of Cdkal1 affects the accuracy of protein translation, causing the synthesis of abnormal insulin, which triggers ER stress in β-cells [20] . These findings provide evidence linking the molecular function of Cdkal1 with T2D. Nevertheless, to fully understand the molecular mechanism underlying risk variant-associated T2D, it is necessary to address whether risk variants in cdkal1 could ultimately impact the enzymatic activity of Cdkal1 in T2D patients. β-cells from T2D patients compared with nondiabetic patients [37] . These findings strongly suggest that the ER stress response contributes to the development of diabetes. However, unlike the case for MIDY, there is no direct evidence of the presence of unfolded proteins in β-cells from T2D patients.
Given the molecular function of Cdkal1 in Bacillus subtilis as described above, it is conceivable that a deficiency in the proper modification of tRNA could trigger mistranslation, resulting in the accumulation of misfolded or unfolded proteins. In pancreatic β-cells of Cdkal1 KO mice, a deficiency of the ms 2 t
6
A modification in tRNA Lys (UUU) decreased the incorporation of Lysine into proinsulin, indicative of the mistranslation of proinsulin [20] . The Lys residue is particularly important for processing proinsulin to generate mature insulin and C-peptide, because one of the two Lys residues in human proinsulin is located at the cleavage site between the C-peptide and A chain of insulin. Mistranslation of the Lys codon in proinsulin may inhibit cleavage and subsequent generation of C-peptide. Indeed, the C-peptide level in the KO mice was significantly decreased compared to that in Flox mice [20] . As a consequence of the mistranslation of proinsulin, ER structures were abnormally dilated and spliced Xbp1, a gene product related to the ER stress response, was increased in β-cells of KO mice [20] . Furthermore, there was a global upregulation of genes related to the ER stress response, such as Bip and CHOP, in pancreatic β-cells of KO mice fed a high-fat diet for 8 weeks [20] . Taken together, these findings suggest a deficiency of the ms A modification caused by the knockout of cdkal1 or possibly risk variants in cdkal1 would result in mistranslation of the Lys codon, and thus cause misfolding of proinsulin and a subsequent ER stress response. The ER stress response would decrease insulin secretion and ultimately cause dysfunction of β-cells. Environmental stress, such as a high-fat diet, would exaggerate the demand for insulin production, which enhances the ER stress response and dysfunction of β-cells, leading to the development of T2D.
